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ABSTRACT 
Strontium titanate (SrTiO3) has received much attention due to its wide range of potential applications, including in electrochemical devices 
such as solid oxide fuel cells and capacitors. The stability and safety features of SrTiO3 led to the development of promising electrodes for 
Li-ion batteries. Here, we use density functional theory simulations to examine the incorporation of lithium from its gas-phase and bulk 
forms. The results show that a single Li atom is thermodynamically stable in bulk SrTiO3 with respect to its gas-phase and slightly unfavorable 
compared to its bulk. Multiple Li incorporation up to six is also considered, and the incorporation is exoergic with respect to both gas-phase 
and bulk forms. Charge analysis confirmed the presence of Li+ ions in the lattice. Li incorporation turns the insulating nature of SrTiO3 
into metallic and non-magnetic into magnetic. Lithium incorporation facilitates the formation of Sr, Ti, and O vacancies. The loss of Li2O is 
exoergic, suggesting that oxygen vacancy mediated self-diffusion will be promoted. 
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0059306 
I. INTRODUCTION structures identified, the search for other members in this family of 
oxides continues. 
There is a global search for renewable energy resources due 
to the growing energy demand for large-scale applications such as 
electric vehicles and grid-scale energy storage systems. Lithium ion 
batteries (LIBs) are emerging as a potential renewable energy source 
and widely used as a primary power source in consumer electron­
ics.1–4 However, there is a necessity to develop new materials to 
optimize the performance of LIBs, especially for hybrid vehicles. 
Transition metal oxide perovskites have gained widespread 
recognition as anodes for its utility in electrochemical energy stor­
age devices, including LIBs, owing to their low cost, environmen­
tally benign nature, non-toxicity, and cyclic performance.5–8 Fur­
thermore, perovskite oxide hosts have the ability to overcome the 
volume expansion during lithium intercalation.6 In a recent electro­
chemical study, perovskite-type CaMnO3 has been shown to be a 
candidate anode material for LIBs with promising specific capac­
ity, rate performance, and cyclic stability.9 Another experimental 
study by Yan et al.6 showed that entropy stabilized aliovalent doped­
perovskite titanates provide excellent cycle and rate performance. 
Although there is a limited number of perovskite oxide based host 
SrTiO3 (STO) has appropriate properties (semiconductor, fer­
roelectric, ion conductor, and catalytic) suitable for practical appli­
cations such as gas sensors, fuel cells, and thermoelectrics.10–15 The 
suitability of this material for those applications can be attributed to 
its stability over a wide temperature range, and this is partly due to 
the corner sharing strong TiO6 octahedral units. The modification 
of this material via doping of a variety of aliovalent dopants has been 
comprehensively studied in order to maximize its utility in cataly­
sis, electronics, and thermoelectrics.16–19 Johnson and Prieto20 had 
experimentally shown the impact of heavy hydrogen doping on the 
resistivity and electronic properties of STO. In their study, doping 
had dramatically reduced the resistivity, and the resultant thinfilm 
exhibited a metallic nature. Nevertheless, despite the demonstrated 
stability and the environmental friendliness of STO, the exploration 
of this material in the Li-ion field is limited.22,23 The main reason 
could be found in its low electronic conductivity, which can be 
a limitation for electrode performance. Some strategies are, how­
ever, possible to overcome this issue, similar to the one adopted by 
Karaphun et al.,22 implementing nanoscale Pt modules to facilitate 
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the insertion of charges to and from the STO surface to the binder. 
The as-prepared non-lithiated conducting metals intercalated with 
STO nanoparticles to test its efficacy as an anode materal for LIBs, 
showing a reasonable capacity of 135 mA h g−1 (85% of the theoret­
ical) when cycling at low rates. 
These results demonstrate the feasibility of including STO in 
the list of safe and stable Ti-based Li-ion anodes. However, although 
the experimental reports provide the electrochemical performance 
of these materials, there is no report available on the structures of 
intercalated Li, the nature of incorporation, structural stability, and 
electronic structures of resultant incorporated complexes. 
Bulk STO has a large number of octahedral interstitial sites that 
can be accommodated by lithium ions. A reaction between insu­
lating STO and bulk Li is anticipated to produce Li+ ions and an 
electron in the lattice simultaneously. This experimental strategy can 
make STO electronically conductive together with the presence of 
Li+ ions. 
In this study, we used density functional theory (DFT) to calcu­
late the structure of Li atoms (up to 6) incorporated into STO from 
its bulk and isolated gas forms. The current methodology enabled us 
to calculate the incorporation energies, charges on the incorporated 
Li atoms, the magnetic moments of the resultant complexes, and 
the electronic structures of both pristine STO and Li-incorporated 
structures. 
II. COMPUTATIONAL METHODS 
All calculations were performed using a DFT code VASP 
(Vienna ab initio Simulation Package) code,24 which solves stan­
dard Kohn–Sham equations using plane wave basis sets and pro­
jected augmented wave (PAW) pseudopotentials.25 A plane wave 
basis set with a cut-off of 500 eV was used. For bulk SrTiO3, an 
8 × 8 × 8 Monkhorst–Pack26 k-point mesh was used. All defect cal­
culations were performed using a 3 × 3 × 3 supercell containing 135 
atoms. For defect modeling, we used a 2 × 2 × 2 Monkhorst–Pack k-
point mesh. The exchange-correlation energy was modeled using the 
generalized gradient approximation (GGA) scheme as described by 
Perdew, Burke, and Ernzerhof (PBE).27 The conjugate gradient algo­
rithm28 was used to perform full geometry optimization in which 
both atom positions and lattice constants were relaxed simultane­
ously. In all relaxed configurations, forces on the atoms were less 
than 0.001 eV/Å. In order to describe the behavior of localized Ti 3d 
states, we included orbital dependent, Coulomb potential (Hubbard 
U) and the exchange parameter J within the DFT+U calculations, as 
formulated by Akbar et al.29 We applied values of U = 5.80 eV and 
J = 0.00 eV to the localized 3d states of Ti as reported in a previous 
study.30 
Incorporation energies of Li atoms were calculated using the 
following equation: 
ExLi:STO − ESTO − xELiEinc = , (1)x 
where ExLi:STO is the total energy of x number of Li atoms incorpo­
rated into a 3 × 3 × 3 STO supercell, ESTO is the total energy of a 
3 × 3 × 3 supercell, and ELi is the energy of an isolated gas phase Li 
atom or atomic Li in its bulk. 
III. RESULTS AND DISCUSSION 
A. Crystal structure of SrTiO3 
Cubic perovskite phase SrTiO3 crystallizes in the space group 
Pm3m (no. 221).31 Its experimental lattice parameters are reported 
to be a = b = c = 3.9051 Å and α = β = γ = 90○ .31 The strontium 
ions form complexes (coordination number = 12) with adjacent oxy­
gen atoms and occupy the body centered positions of the crystal. 
The titanium ions form corner sharing TiO6 octahedral units, and 
they are connected to form a three dimensional network as shown 
in Fig. 1(a). In order to validate the pseudopotentials and basis sets 
used for Sr, Ti, and O, we optimized both ion positions and lat­
tice constants of STO to obtain equilibrium lattice constants. There 
is good agreement between the calculated and experimental lat­
tice constants, showing the efficacy of the potential parameters (see 
Table I). To obtain a good band structure, we introduced a Hubbard 
U parameter for d-states of Ti and compared the electronic struc­
tures of bulk STO calculated with and without U parameters. The 
calculated lattice parameters using the Hubbard U parameter are 
slightly larger than that calculated without U. However, the DFT+U 
approach provided a better bandgap value than that calculated using 
DFT [see Figs. 1(b) and 1(c)]. Thus, we opted to use the DFT+U 
method in the defect calculations. 
FIG. 1. (a) Crystal structure of cubic perovskite STO (space group Pm3m) and (b) and (c) calculated DOS plots of STO with and without Hubbard parameter U, respectively. 
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TABLE I. Calculated lattice parameters and bandgap values together with their 
corresponding experimental values. 
Parameter 
Calculated 
DFT DFT+U Expt.31 
∣∆∣ (%) 
DFT DFT+U 
a = b = c (Å) 

















Egap (eV) 1.50 2.25 3.25 53.85 30.76 
The magnetic moment of the relaxed structure is zero, meaning 
that bulk STO is non-magnetic, in agreement with the experiment32 
and other theoretical studies.33 
B. Incorporation of a single Li in STO 
First, we considered the incorporation of a single Li atom to 
investigate its stability in bulk STO. Different interstitial positions 
were considered, and their relaxed structures together with their rel­
ative energies are provided in the supplementary material (refer to 
Fig. S1 and Table S1). The calculated lattice parameters of Li bulk 
together with the experimental values are provided in the supple­
mentary material (Table S2). The lowest energy structure is shown 
in Fig. 2(a). Lithium occupies the center of the octahedron formed 
by four Ti and two Sr atoms. In the distorted LiO4Sr2 octahedral 
unit, the Li–O bond distances and Sr–Li bond distances are calcu­
lated to be 1.92 Å (×4) and 2.44 Å (×2), respectively. The longer 
Sr–Li bond distance is due to the repulsion between the positively 
charged Sr (+1.58) and Li (+1.00), according the Bader charge anal­
ysis.33 Incorporation energies calculated using a single gas phase Li 
atom and a Li atom in its bulk as reference states were −1.03 and 
0.64 eV, respectively. The negative incorporation energy indicates 
that the gas phase Li atom is stable inside STO. In contrast, the incor­
poration energy calculated using the Li atom in its bulk is slightly 
endothermic. This is due to the extra energy needed to extract a sin­
gle Li atom from its bulk. A small volume expansion of 0.49% was 
noted upon Li incorporation. 
The calculated total DOS plot [refer to Fig. 2(b)] shows that 
Li.STO is metallic. This is due to the additional states occupied at the 
Fermi energy level upon incorporation. A significant Fermi energy 
shift from 2.62 to 3.90 eV is also noted. Charge density associated 
with these states are uniformly distributed and localized on the Ti 
atoms. This can be due to the transfer of an electron from the Li to 
the Ti atoms. 
The magnetic moment of the resultant complex is calculated to 
be one. This is because of an electron being introduced in the lattice 
by the Li atom. 
C. Incorporation of multiple Li atoms in STO 
Next, we considered the incorporation of up to 6 Li atoms in 
STO. Figure 3 shows the relaxed structures. Here, we considered 
multiple Li atoms at different positions in the lattice. The lowest 
energy structures are reported here. In the supplementary material, 
we provide all configurations considered and their relative energies 
(see Figs. S2–S6 and Tables S3–S7). In all cases, Li occupies the octa­
hedral sites forming four shorter Li–O bonds and two longer Li–Sr 
FIG. 2. (a) Relaxed structure of a single Li atom incorporated in STO, (b) the total 
DOS, (c) the charge density plot associated with the states that appear at the Fermi 
level, and (d) the atomic DOS plot of Li. 
FIG. 3. Relaxed structures of (a) 2Li.STO, (b) 3Li.STO, (c) 4Li.STO, (d) 5Li.STO, 
and (e) 6Li.STO. 
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TABLE II. Incorporation energies, Bader charges on the incorporated Li atoms, bond distances, volume changes, and 
magnetic moments of the incorporated complexes. 
Incorporation Bader charges Volume Magnetic 
System energy (eV) on Li (∣e∣) Li–O (Å) Li–Sr (Å) change (%) moment (μ) 
2Li.STO −1.86 (−0.19) +1.00 (×2) 1.91–1.94 2.48–2.52 1.48 2.00 
3Li.STO −1.85 (−0.18) +1.00 (×3) 1.93–1.95 2.48–2.50 2.12 3.00 
4Li.STO −1.89 (−0.22) +1.00 (×4) 1.92–1.95 2.46–2.50 2.91 4.00 
5Li.STO −1.95 (−0.28) +1.00 (×5) 1.91–1.95 2.46–2.50 3.52 5.00 
6Li.STO −1.96 (−0.29) +1.00 (×6) 1.92–1.98 2.48–2.55 4.23 6.00 
bonds (see Table II). In all cases, incorporation energies are exother­
mic with respect to bulk Li and the gas phase Li atom, suggesting 
that Li atoms are more stable in the octahedral interstitial sites. The 
strong incorporation with respect to the gaseous Li atom as a ref­
erence state is due to the higher stability of the Li atom in the bulk 
than its isolated form. Incorporation energies are not significantly 
affected by the successive encapsulation. The Bader charge analy­
sis shows that in all cases, Li atoms lose their electrons to form Li+ 
ions. This is further confirmed by the shorter Li–O and longer Li–Sr 
bond distances. The formation of Li+ ions reflects in the longer Li–Sr 
bond distances due to cation repulsion. In all cases, bond distances 
are not altered significantly. Incorporation introduces a linear vol­
ume expansion by ∼0.7% for every Li. The resultant incorporated 
complexes are magnetic, and magnetic moment increases by one for 
each Li. The magnetic nature arises from the loss of one electron 
from Li. 
The calculated DOS plots show that Li-incorporated com­
posites are metallic (see Fig. 4). Band structures for bulk STO 
and Li-incorporated STO composites are shown in Fig. S7 in the 
supplementary material. As explained earlier, the metallic nature can 
be attributed to the electron transfer from Li atoms to the lattice. The 
Fermi energy changes slightly upon incorporation. The atomic DOS 
plots calculated for Li show that the states appearing at the Fermi 
level do not belong to Li. In order to identify those states, we cal­
culated charge density plots associated with the bands at the Fermi 
level (see Fig. 5). The charge density is mainly localized on the Ti 
atoms. This indicates that the electrons are mainly gained by the Ti 
atoms. 
D. Formation of vacancies in STO and Li.STO 
Next, cation and oxygen vacancy formation energies were cal­
culated in STO and a single Li atom incorporated in STO. Vacancies 
were created closer to the incorporated Li in order to look at the 
feasibility of forming vacancies in the presence of Li [see Fig. 6(a)]. 
Table III reports the defect formation energies. The calculated lattice 
parameters for the bulk Sr and Ti are reported in Tables S8 and S9 in 
the supplementary material. Calculations show that defect energies 
FIG. 4. Total DOS plots of (a) 2Li.STO, (b) 3Li.STO, (c) 4Li.STO, (d) 5Li.STO, and (e) 6Li.STO and (f)–(j) corresponding atomic DOS plots of Li. Black dot vertical lines 
correspond to the Fermi energy level. 
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TABLE III. Defect formation energies in pristine STO and Li.STO. 
Defect formation energy (eV) 
System Sr vacancy Ti vacancy O Vacancy 
STO 8.64 9.07 5.48 
Li.STO 3.72 2.57 4.15 
FIG. 5. Charge density plots associated with the states that appear at the Fermi 
energy level for (a) 2Li.STO, (b) 3Li.STO, (c) 4Li.STO, (d) 5Li.STO, and (e) 
6Li.STO. 
FIG. 6. (a) Vacancies considered in Li.STO and (b) the structure of Li2O removed 
from 2Li.STO. 
are lowered upon Li incorporation. This is due to the strain intro­
duced by Li in the interstitial positon. In particular, both Sr and Ti 
are much affected, as evidenced by the relaxed structures and signif­
icant formation energy difference (>5 eV). The formation of oxygen 
vacancy is facilitated by ∼1.50 eV upon Li incorporation. 
Finally, the removal of Li2O was considered from 2Li.STO. 
Figure 6(b) shows the configuration of Li2O removed from the 
lattice. The following reaction equation describes the process of 
removal. The relaxed lattice parameters of bulk Li2O together with 
experimental values are given in the supplementary material (see 
Table S10), 
2Li.Sr27Ti27O81 → Li2O + Sr27Ti27O80. (2) 
An exothermic reaction energy of −1.54 eV indicates that the 
removal of Li2O is thermodynamically feasible. The incorporation 
of Li facilitates the removal of oxygen together with Li forming Li2O 
in the lattice. 
IV. CONCLUSION 
In the present study, the structures and thermodynamical sta­
bility of Li atoms incorporated into SrTiO3 were studied using 
density functional theory. The calculations show that the incorpo­
ration of Li atoms is exoergic, suggesting that they are more sta­
ble inside SrTiO3 than their isolated forms. Bader charge analysis 
shows that Li atoms lose their outer electrons to become Li+ ions. 
The insulating behavior of SrTiO3 turns metallic upon incorpora­
tion, leaving the resultant complex Li+ rich. Furthermore, the resul­
tant composites formed by Li and SrTiO3 are magnetic. Lithium 
incorporation facilitates not only the formation of Sr, Ti, and O 
vacancies but also the formation of Li2O. These results demonstrate 
that STO is expected to be a feasible electrode material for Li-ion 
batteries. 
SUPPLEMENTARY MATERIAL 
See the supplementary material for the configurations of Li 
incorporated STO together with their relative energies and band 
structures. 
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